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Ni/Cu under-bump metallization (UBM) for flip-chip application is widely used in electronics packaging. The intermetallic compounds
(IMCs) formed at the interface between Sn–Pb solder and Ni/Cu UBM during reflowing are mainly (Ni, Cu)3Sn4 and (Cu, Ni)6Sn5. Field-
emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) analyses were employed to analyze the
morphology and structure in intermetallic compounds. The elemental distribution near the interfacial region was evaluated by an electron
probe microanalyzer (EPMA). From the morphology of IMCs observed by SEM and cross-sectional EM images of Sn–Pb solder joint, it is
revealed that the growth of (Cu1y, Niy)6Sn5 IMC is accompanied by a decreasing thickness of (Ni1x, Cux)3Sn4 IMC between (Cu1y,
Niy)6Sn5 and Ni/Cu layer. This phenomenon was further evidenced by the cross-sectional SEM images of Sn–Pb solder/Ni layer interface
after multiple reflow cycles. Based on the observation and characterization by FE-SEM, TEM, and EPMA, the evolution of the phase
transformation between (Cu1y, Niy)6Sn5 and (Ni1x, Cux)3Sn4 IMCs is proposed.
D 2004 Elsevier B.V. All rights reserved.
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Flip-chip technology with high input/output interconnect
density and low cost is one of the most attractive processes in
microelectronic packaging [1–3]. In this technology, Si chips
with solder bumps are placed face to connect with a
metallized substrate. An under-bump metallization (UBM)
is employed to provide adhesion and acts as a diffusion barrier
between solders and Si chips. The Ni-based UBMs have been
widely used as a diffusion barrier due to the rapid reaction of
Sn with the Cu conductor and the spalling problem associated
with Cu–Sn intermetallic compounds (IMCs) [4–9].
Recently, the phenomenon of IMCs transformation at the
Ni UBM interface and the effect of Ni thickness and reflow
cycles on IMCs transformation have been reported [10–12].
It was revealed that after three reflow cycles, an island-type
(Cu1y, Niy)6Sn5 IMC appeared on the layer-like (Ni1x,0040-6090/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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E-mail address: jgd@mx.nthu.edu.tw (J.-G. Duh).Cux)3Sn4 IMC between the Ni/Cu UBM and eutectic Sn–Pb
solder [10]. Cu diffused through Ni layer, and the previously
formed Ni3Sn4 IMC was transformed to (Ni1x, Cux)3Sn4
IMC [12]. However, a detailed observation on the interface
between the two IMCs and Ni layer was not yet complete. It
is aimed in this study to further investigate the detailed
interfacial reaction between solders and Ni/Cu UBM during
reflowing, using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and electron
probe microanalyzer (EPMA).2. Experimental procedure
The UBM structure plated on to the Si wafer in this study
is shown in Fig. 1 [13]. The top metal of Si wafer was Cu
which performs as an interconnection line. The adhesion
layer was sputtered Ti 0.1-Am thick followed by sputtered
Cu 0.5-Am thick, which serves as the seed layer for
electrodeposition of Cu. Cu was electrodeposited on the0 (2004) 366–371
Fig. 1. Schematic illustration of under-bump metallization [13].
Table 1
Compositions of IMCs formed at the solder/Ni interface for different reflow
cycles
Number of reflow cycles IMC
1 (Ni1x,Cux)3Sn4 x=0.09
3, 5, 10 (Ni1x,Cux)3Sn4 x=0.09~0.35
(Cu1y,Niy)6Sn5 y=0.40
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5 Am. Ni was then electroplated on the top of electroplated
Cu to a thickness of 3 Am. After the UBM was completed on
to the Si wafer, the solder bump was then electrodeposited.
The eutectic Sn–37Pb solder alloy was used.
Solder reflow were accomplished in an infrared reflow
oven. The peak temperature of the reflow profile was 225
8C for 70 s. When the heating temperature rose above the
eutectic temperature of the Sn–Pb solder, the molten solder
reacted with the Ni/Cu UBM. The number of solder reflow
cycles utilized in this study was 1 to 10.
The Si die was mounted in epoxy and then sectioned by
using a slow-speed diamond saw. The samples were ground,
polished, and etched with one part nitric acid, one part acetic
acid, and four parts glycerin at 80 8C for interfacial analysis.
The interfacial morphology and microstructure between the
Sn–Pb solder and UBM were analyzed with a field-emission
scanning electron microscopy (FE-SEM; JSM-6500F,
JEOL, Japan Electron Optics, Tokyo). The composition of
the phases in the solder joint and elemental distribution
across the joint interface were quantitatively measured with
an electron probe microanalyzer (EPMA; JXA-8800M,
JEOL, Japan Electron Optics) with the aid of an atomic
number, absorption, and fluorescence correction (ZAF)
program [14]. The IMCs between Sn–Pb solder and UBMFig. 2. Cross-sectional image of Sn–Pb solder–Ni/Cu after one reflow cycle.were further characterized by an analytical transmission
electron microscopy (JEM-2010, JEOL, Japan Electron
Optics). The specimens for TEM observation were prepared
using a focused ion beam (FIB) technique.3. Results and discussion
3.1. Interfacial reactions between Sn–Pb solders and UBM
during one reflow
The cross-sectional image of the joint after one reflow
cycle is shown in Fig. 2. Only one layer of intermetallic
compound (IMC) was found between the Sn–Pb solder and
the Ni/Cu UBM after one reflow. The thickness of the reacted
layer was less than 1 Am. It should be mentioned that the
reported compositions, as listed in this study, are an average
of at least 10 measurements. The composition of the
interfacial product measured by EPMA is 57.1 at.%Sn,
39.0 at.%Ni, and 3.9 at.%Cu. The ratio of the atomic
percentage of (Ni+Cu) to Sn was close to 3:4. Thus, this
IMC could be denoted as (Ni1x , Cux)3Sn4. Similar
observation was reported recently [6,12,15]. The value of x
in the assembly with one reflow was evaluated to be 0.09, as
presented in Table 1.
3.2. Scanning electron microscopy observation
Fig. 3 provides a top view of the morphology of the
IMC–Sn–Pb solder/UBM interface after 10 reflow cycles. ItFig. 3. Top-view morphology of IMCs at Sn–Pb solder–UBM interface
after 10 reflow cycles.
Fig. 5. SAD patterns of regions (a) A, (b) B, and (c) C in Fig. 4.
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between the Sn–Pb solder and the Ni/Cu UBM. One
exhibited a nodular-type morphology, and the other was a
rod-type morphology. The nodular type IMC was identified
as (Ni1x, Cux)3Sn4 after quantitative analysis by EPMA.
The (Ni1x, Cux)3Sn4 IMC layer was less than 1-Am thick.
The rod-type IMC was identified as (Cu1y, Niy)6Sn5 after
quantitative analysis by EPMA and was more than 1-Am
thick. It appears that some of the (Cu1y, Niy)6Sn5 IMCs
were situated on top of the layer (Ni1x, Cux)3Sn4 after 10
reflow cycles.
3.3. Transmission electron microscopy evaluation
As observed in the FE-SEM micrograph, some of the
(Cu1y, Niy)6Sn5 IMCs appeared to be inserted into the
layer of (Ni1x, Cux)3Sn4 on a slant after 10 reflow cycles.
This was further examined using TEM. A focused ion beam
(FIB) technique was used to prepare the TEM specimen.
FIB was used because samples can be prepared quickly with
little disruption of the interface. A cross-sectional bright-
field (BF) TEM image of the interfacial region between the
Sn–Pb solder and the Ni/Cu UBM after 10 reflow cycles is
presented in Fig. 4. The image allows one to observe the
individual IMCs, the Ni layer, and the boundary between the
IMCs and the Ni layer. The Ni layer exhibits columnar
structure, which is in good agreement with another previous
report [10]. Particularly in the IMC layer, regions A, B, and
C, which are 0.5-Am away from the Ni/IMC interface, are
selected to carry out crystal structure analysis.
The derived selected area diffraction (SAD) patterns are
indicated in Fig. 5. The SAD analysis of region A in Fig. 4
demonstrates that it corresponds to Cu6Sn5, and the SAD
analysis of regions B and C in Fig. 4 indicates the presence
of Ni3Sn4. The SAD analysis of the region of IMCs adjacent
to region A was revealed as Ni3Sn4. On the other hand, FE-
SEM result reveals that the IMC after one reflow cycle
exhibited (Ni1x, Cux)3Sn4. It means that, during the first
reflow cycle, Cu diffused through the electroplated Ni and
reacted with Ni3Sn4 to form (Ni1x, Cux)3Sn4. The
interfacial morphology in the layered (Ni1x, Cux)3Sn4
IMC was nodule-like. It was easier for the Cu atoms toFig. 4. TEM bright-field image of the IMC between the Sn–Pb solder and
Ni/Cu UBM after 10 reflow cycles.migrate through the boundary of nodules [12]. As Cu atoms
diffused through (Ni1x, Cux)3Sn4 into the solder, the
diffused Cu then reacted with Ni and Sn to form a new
IMC, i.e., (Cu1y, Niy)6Sn5. The growth of (Cu1y, Niy)6Sn5
is accompanied by the consumption of (Ni1x, Cux)3Sn4.
Region A in Fig. 4 is magnified in Fig. 6, which highlights
the distinct interface between the (Cu1y, Niy)6Sn5–(Ni1x,
Cux)3Sn4 IMC and (Ni1x, Cux)3Sn4 IMC–Ni/Cu layers.
The amount of (Ni1x, Cux)3Sn4, which was located
between (Cu1y, Niy)6Sn5 and Ni/Cu layer after 10 reflow
cycles, was reduced to an extremely small value. Hence, the
(Cu1y, Niy)6Sn5 IMC after 10 reflow cycles was located
very close to the Ni/Cu layer. The TEM results demon-
strated that (Cu1y, Niy)6Sn5 IMC grew at the expense of
(Ni1x, Cux)3Sn4 between (Cu1y, Niy)6Sn5 and Ni/Cu
layer.
3.4. Interfacial reactions between Sn–Pb solders and UBM
after multiple reflow cycles
Fig. 7 presents the cross-sectional morphologies of the
Sn–Pb solder–Ni/Cu interface after multiple reflow cycles.
Fig. 7. Cross-sectional images of interfacial morphology in Sn–Pb solder–
Ni/Cu after multiple reflow cycles: (a) 3, (b) 5, (c) 10 times.
Fig. 6. TEM bright-field image of region A in Fig. 4.
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and Ni/Cu UBM after 3, 5, or 10 reflow cycles. One
exhibited a layer- or nodular-type morphology, and the
other exhibited a chunk- or rod-type morphology. The
thickness of the type IMC was still less than 1 Am, and the
diameter of the rod-type was about 1 Am. The layered type
IMC was identified as (Ni1x, Cux)3Sn4, and the rod-type
IMC was considered as (Cu1y, Niy)6Sn5. The observation
from the cross-section view of Fig. 7 is in agreement with
that from the top view of Fig. 3. In fact, Fig. 7 clearly
reveals that with an increasing number of reflow cycles, the
thickness of the (Ni1x, Cux)3Sn4 between (Cu1y, Niy)6Sn5
and Ni/Cu layers decreased. In other words, (Cu1y,
Niy)6Sn5 IMC grew in size, while (Ni1x, Cux)3Sn4 IMC
shrank. It can be noted that (Ni1x, Cux)3Sn4 between the
(Cu1y, Niy)6Sn5 and Ni/Cu layers after 10 reflow cycles
was almost exhausted, as shown in Fig. 7(c). The value of y
reflecting the Cu content in (Cu1y, Niy)6Sn5 IMC remained
around 0.4, while the composition of (Ni1x, Cux)3Sn4 was
not uniform after multiple reflow cycles, as indicated in
Table 1.
The composition of (Ni1x, Cux)3Sn4 IMC was homoge-
neous for only one reflow cycle. After more than three reflow
cycles, composition variations in (Ni1x, Cux)3Sn4 IMC
were detected. The value of x was equal to 0.09 after one
reflow and varied from 0.09 to 0.35 after multiple reflow
cycles. The concentration distribution of (Ni1x, Cux)3Sn4
depends on the distance between the (Cu1y, Niy)6Sn5 and
(Ni1x, Cux)3Sn4 IMC. It is observed that with decreasing
distance between (Cu1y, Niy)6Sn5 and (Ni1x, Cux)3Sn4, the
Cu content in (Ni1x, Cux)3Sn4 tended to increase. Never-theless, the value of y in (Cu1y, Niy)6Sn5 IMC remained
around 0.4, while the Cu content in (Ni1x, Cux)3Sn4, which
was adjacent to (Cu1y, Niy)6Sn5, tended to increase [12].
The EPMA and FE-SEM results provide additional evidence
that the growth of (Cu1y, Niy)6Sn5 is accompanied by the
Fig. 8. Schematic diagrams of phase transformation between solders and
Ni/Cu UBM.
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and Ni/Cu layer, and the (Cu1y, Niy)6Sn5 IMC appeared to
penetrate into the layer of (Ni1x, Cux)3Sn4 on a slant.
3.5. Mechanism of IMC transformation during reflow
A schematic diagram showing the transformation
between (Cu1y, Niy)6Sn5 and (Ni1x, Cux)3Sn4 IMCs
is proposed in Fig. 8. As discussed in Section 3.1,
during the first reflow shown, Cu appears to diffuse through
the electroplated Ni and dissolve into Ni3Sn4 to form
(Ni1x, Cux)3Sn4, as demonstrated in Fig. 8(a). The
interfacial morphology in the layered (Ni1x, Cux)3Sn4
IMC was nodule-like, and Cu atoms tended to migrate
through the boundary of nodules [12]. As Cu atoms diffused
through (Ni1x, Cux)3Sn4 into the solder, the Cu then
reacted with Ni and Sn to form a new IMC, (Cu1y,
Niy)6Sn5, which is accompanied by the depletion of (Ni1x,
Cux)3Sn4, as demonstrated in Fig. 8(b), (c), and (d). In the
mean cycle, the solubility of Cu in (Ni1x, Cux)3Sn4 should
be raised to equilibrate with (Cu1y, Niy)6Sn5. Conse-
quently, variations of x were detected in the region near the(Cu1y, Niy)6Sn5 IMC. As a result, the growth of (Cu1y,
Niy)6Sn5 is revealed, while (Ni1x, Cux)3Sn4 is depleted
between the (Cu1y, Niy)6Sn5 and Ni/Cu layers. The
electron microscopic observations by FE-SEM, TEM, and
EPMA in this study drew the identical conclusion and
demonstrated an effective approach in the characterization
of metallurgical reaction in the solder joint for micro-
electronic packaging.4. Conclusion
Various electron microscopic techniques, including FE-
SEM, TEM, and EPMA, were employed to characterize the
interfacial reaction of Sn–Pb solder with Ni/Cu metalliza-
tion layer. Two types of intermetallic compounds were
revealed and consisted of nodule-like (Ni1x, Cux)3Sn4 and
rod-type (Cu1y, Niy)6Sn5.
The top-view morphology of IMC by FESEM was
further confirmed with bright-field TEM images. The SAD
pattern by TEM gave additional evidence of Ni3Sn4 and
Cu6Sn5 IMC formation. The variation of stoichiometry in
(Ni1x, Cux)3Sn4 and (Cu1y, Niy)6Sn5 IMC was deliber-
ately evaluated by EPMA. Base upon the combination of
FE-SEM, TEM, and EMPA results, the evolution of the
phase transformation between (Cu1y, Niy)6Sn5 and (Ni1x,
Cux)3Sn4 was proposed.Acknowledgment
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